Keeping beef cattle outdoors during winter reduces costs and improves animal welfare, but increases the risk of nitrogen (N) and phosphorus (P) runoff losses. This study evaluated a rotational pen design on grassland with two groups of suckler cows given access to an expanding staying area and a new feeding area each week (72 cattle ha −1 ), with one month's stay per pen. The spatial distribution of excreta and effects on N and P surface runoff was evaluated during six months. The total excreta loads corresponded to 500 kg·N·ha −1 and 50 kg·P·ha −1 . New feeding areas did not distribute excretions evenly, which resulted in the highest proportion of excretions (31%) occurring in the first week's sub-area. The topsoil had significantly higher amounts of mineral-N, mainly as NH4-N (29 -81 kg·ha −1 ), than an unaffected area (13 kg·ha −1 ). Mean total runoff losses were similar for both groups (1.4 kg·P·ha −1 and 9.0 kg·N·ha −1 ). Around 78% of N and 70% of P runoff losses occurred during the month with cattle present. During the first two weeks with heavy rain, N and P runoff losses were 50% higher from an area with suckler cows than a corresponding vegetated sub-area without cows. The study design did not provide a sufficient distribution of excretions and a high animal density in combination with trampling resulted in unacceptable N and P run-off losses. An environmentally friendly design would need to include frequent moving of all equipment and access to larger areas.
Introduction
Grazing by cattle is needed during the summer period to preserve about 450,000 hectares of semi-natural grassland of high biodiversity in Sweden, but declining economic margins for Swedish beef producers are making it too expensive to house these cattle in conventional winter housing.
High animal density on outdoor areas has been shown to result in large net inputs of nutrients to the soil and an increased risk of nitrogen (N) leaching [1] . High animal density in combination with continuous cattle rearing at the same site for several years has been shown to result in surface runoff with high total phosphorus (P) concentrations and with a high proportion of P in dissolved form, which is highly bioavailable [2] . The limiting animal density in Sweden is based on an average manure application corresponding to 22 kg·P·ha −1 over a five-year crop rotation [3] . For suckler cows, this corresponds to 0.7 animal units per hectare [4] , i.e. it is permitted to keep 3.5 suckler cows per hectare in one year out of five, but data on how beef farmers implement this regulation in outdoor rearing systems are lacking. According to Swedish agricultural statistics, when animal manure is applied to arable crops the amount of P supplied with the manure is too high, with 16% of Swedish arable land receiving >40 kg·P·ha −1 [5] . The risk of nutrient leaching depends not only on the amounts of N and P applied, but also the timing of application. Application of manure during autumn and winter is highly restricted under Swedish regulations, as this high-risk period is known to contribute large N leaching loads to waters [6] .
The majority of excreta are deposited where cattle spend most of their time, i.e. in staying areas and feeding areas, resulting in N point loads [2] [7] . Keeping cattle or horses in permanent pens reinforces this point load effect and also increases the trampling effect [8] [9] . For example, in a permanent winter pen system used for 10 years with an animal density of about 13 cows ha −1 , the herd instinct to gather in feeding and staying areas was found to result in significantly higher ammonium-N (NH 4 -N) concentrations in topsoil of those areas compared with moderately and slightly affected areas [8] . This concentration of trampling and excreta increases the risk of soil erosion and runoff of N and P in periods with high precipitation or snowmelt [10] , especially on soils with low infiltration and poor structure. Sweden has erosion-sensitive silty soils in central and northern areas [11] , a fact which needs to be considered when cattle are kept outdoors.
Replacing cattle houses with simpler types of shelters and keeping cattle outdoors on arable land during winter could reduce the costs [12] . Keeping cattle outdoors can also improve their health and allows them to express natural behaviours [13] . A rotational pen system whereby cattle are given continuous access to new staying and feeding areas has been proposed as a solution to decrease the environmental impact. This system can result in a more even distribution of excreta, thus avoiding harmful point loads of N and P [14] [15] . For example, a rotational system for over-wintering beef cattle with 1.5 months staying time per pen resulted in lower amounts of surface runoff, sediment losses and organic-N losses than a system with a continuous six-month stay per pen [15] . Thus there is a need to improve the rotational pen design and evaluate its potential to prevent N and P surface runoff losses [2] .
In the present study, we examined a rotational over-wintering pen system for suckler cows that was included in a crop rotation with temporary grassland in the final winter before ploughing and reseeding. With a three-year clover/grass ley, cereals and under sown ley rotation, the cows would only return to the same arable area every fifth year at most. The cows were provided with a new pen each month and, within the pen, a new feeding area in an expanding staying area each week, in order to mitigate animal impacts such as trampling causing destroyed vegetation cover and point loads of excreta. This system would reduce the investment, labour and land costs by 50% compared with conventional indoor housing [16] . Specific objectives of the study were to investigate the impacts of: 1) expanding staying area on the spatial distribution of excreted N and P; 2) animal density on surface runoff of N and P; and 3) expanding staying area on surface runoff of N and P.
Materials and Methods

Climate and Soil at the Site
The study was conducted on a commercial organic beef farm with a 200 suckle cow herd in western Sweden (59˚20'N; 13˚7'E). The site was chosen to represent extensive beef production in the forest district of the country [17] . Main forage species used in grassland production are Festuca pratensis (Huds.), Lolium perenne (L.), Phleum pratense (L.), Trifolium pratense (L.) and Trifolium repens (L). Mean annual temperature at the site is 5.7˚C and mean annual precipitation is 662 mm [18] . The dominant soil texture in arable land in this region is clay loam and silt loam [19] . The topsoil (0 -30 cm depth) at the experimental site consists of 36% clay, 37% silt and 27% sand [20] . The total-N, total-C and total-Pcontent before the suckler cows entered the experimental pens was on average 0.2%, 2.1% and <0.001% of dry matter content, respectively, and the pH in topsoil was on average 6.1 [21] .
Experimental Design
The study was performed using cross-breed beef suckler cows. Two sizes of groups (large, n = 34; small, n = 17) but with the same average animal density (72 dry suckler cows ha −1 ) were included in the experimental design, in order to evaluate whether a larger herd congregating and causing trampling effects in feeding and staying areas would constitute a greater risk of surface runoff than a smaller herd. At the experimental start, average weight was 386 kg cow −1 and 388 kg cow −1 in the large and the small group, respectively. Average age was 21 months cow −1 and 20 months cow −1 in the large and the small group, respectively. For the pen with the large group, surface runoff from two halves of the pen area was collected (Large 1 and Large 2). For the pen with the small group, surface runoff from the whole pen area was collected (Small 1). The two groups were kept in pens, with four experimental sub-areas within the pen, for one month (8 November-9 December) on an eight-year-old clover/grass ley harvested twice per grazing season. The year before the ley was not fertilised but cut. In the growing season before the experiment the ley was harvested as round bale silage. A number of silage bales corresponding to feed requirements of the suckler cows in the experiment were left after harvest on the area of the pens. During the experiment feed-racks and fences were moved manually every week, resulting in new feeding areas, new silage and an expanding staying area, Figure 1 . With this rotational pen system, point loads of excreted N and P from suckler cows were expected to even out over time, despite the different numbers of animal units in sub-areas, Table 1 . The cows had free access to grass/clover silage, drinking water and a weather shelter with a full canvas roof, wind netting on three sides and straw bedding. New straw bales was moved by tractor to the pens every week and spread manually in the weather shelter, corresponding to 5 kg per cow and day. When the cows had access to a new sub-area, they grazed available green matter for some hours. To further reduce the impact of trampling on soil, strips of synthetic polymer grid matting were placed around the water tank, at the entrance to the weather shelter and as a path between the weather shelter and feeding area. There was no machine traffic in the pen.
Experimental Set-Up
Pen Balance
Pen nutrient balance of the elements N and P for the period with cattle present was calculated using Equation (1) and was assumed to be the total amount of N and P excreted [22] . Figure 1 . Experimental pens used in the study, in which cattle had access to a new feeding area and an expanding staying area each week. Calculated as: nFt/A, where n = number of animals, F = animal unit factor (0.7 units = 1 suckle cow), t = stocking days and A = size of stocking/source area (ha).
The amounts of silage and minerals fed and the amount of straw used as litter were weighed at the start. Eachindividual cow was weighed at the start and end of the experimental period.
Point Loads of N and P
The pen area was divided into several sub-areas corresponding to the activity that the cows performed there ( Table 2) . Cow behaviour was recorded simultaneously in both groups by three observers during two consecutive days per week (Day 1: 11 -12 am, 13 -17 pm, Day 2: 7 -11 am, 12 -13 pm) for three weeks [23] . Among other behaviours, defecation and urination were recorded on these occasions. Each defecation and urination event was then marked on a plan of the pen, including the different sub-areas. Using the total number of defecation and urination events per 10 m 2 and per 10 cows, it was possible to calculate and compare the proportion of excreta deposited on each sub-area [24] . The respective proportion of deposition for each sub-area was then used to calculate the proportion of the total amount of N and P excreted that loaded the sub-area, giving a quantitative estimation of heterogeneity in the N and P load within the pen [25] .
Weather Conditions, Water Sampling and Analysis
The air temperature at 1.85 m height, soil temperature at 2 -5 cm depth and precipitation were measured hourly with a weather station (Vaisala Weather Transmitter WXT 510, Finland) at the experimental pens from 1 September to 20 April. The pens for both the large and small groups were situated in an area with a gentle slope of 2% to the lower long side, where surface runoff was collected, Figure 2 (b). Surface runoff was measured and water sampling conducted from 1 September to 20 April. The gutters collecting surface runoff were installed one year before and calibrated before the experimental period. There were no differences in runoff volume and related loads of C, N and P in analysed samples before 8 November and the cows entered the pens (data are not shown). The experimental areas can therefore be assumed to have the same conditions. Surface runoff and related loads of N and P from the pens were determined using 0.4 m wide gutters of sheet metal counter-sunk 0.15 m into the soil to collect water flowing from the pens. For the pen with the small group of cattle, surface runoff from the whole pen area was collected with a gutter which covered the lower long side of the pen (Small 1 in Figure 1 ). For the pen with the large group, surface runoff from the two halves of the pen area was collected by separate gutters at the lower long side (Large 1 and Large 2 in Figure 1 ). Week 1 and week 2 surface runoff was measured from two areas with the same animal density (Small 1 and Large 1) and also from a ley crop area without cows (Large 2), Table 1 . Week 3 and week 4 surface runoff was measured from two areas with the same animal density (Small 1 and combined Large 1 and Large 2), Table 1 .
The water was conducted in sealed pipes from the gutter to an underground station, where the water flow was continuously recorded by tipping-buckets connected to a data logger. Flow-proportional water samples (15 mL per occasion) were taken using a peristaltic pump after every 0.2 mm discharge. Water samples were collected in individual polyethylene bottles for Large 1, Large 2 and Small 1, which were emptied every 2 weeks during drainage periods for analyses of total-C, total-N, NO 3 -N, total-P, PO 4 -P and particulate P (PP). To determine the Table 2 . Total N and P balance, proportion of excreta and N and P loads in sub-areas for each pen and group of suckler cows (small, n = 17; large, n = 34). total-N and total-C concentrations, a combustion catalytic oxidation method was used (Shimadzu TOC-V CPH + TNM-1) according to European standard (SS-EN 12260-1). For N analyses, all N was first converted to nitrate (NO 3 ). The NO 3 -N concentration was then determined by flow injection analysis (Tecator AB, Höganäs, Sweden) according to the colorimetric cadmium reduction method [26] . Total-P was determined photometrically [27] on unfiltered and filtered samples after being oxidised with K 2 S 2 O 8 , where the difference between these fractions was regarded as PP. PO 4 -P was analysed on filtered samples (Sartorius membrane filters; 0.2 µm pore diameter). The difference between Total-P and PO 4 -P in unfiltered samples was defined as dissolved organic P (DOP). The runoff loads of C, N and P were calculated by multiplying the concentrations in each sample for the 2-week period prior to the sampling date by the daily amount of water runoff. The values were accumulated to 2-week runoff loads and then divided by 2-week water runoff amounts to give mean concentrations.
Cattle, Feed, Straw and Soil Sampling and Analysis
Data on the general content of N and P per kg body weight in adult cattle [22] were multiplied by cattle weight. Ten bulk samples of silage and four bulk samples of straw (1 -2 litres per sample) were randomly selected from the silage bales and straw bales used and analysed for N and P. Sub-samples of 1 g were digested by automatic wet digestion (Tecator Digestion System) using solvents [28] [29] and analysis of P was performed by inductively coupled plasma-atomic emission spectrometry (ICP-AES; JY 50P, JY Horiba, Division JobinYvon, Longgjumeau, France). Nitrogen was determined by an automated Kjeldahl procedure (Tecator AB, Höganäs, Sweden). Data on N and P content in the mineral supplements fed were taken from the manufacturer's specifications.
The topsoil (0 -30 cm depth) was sampled just before and just after the presence of cattle in the Large (1 + 2) and Small pens, and in a control outside the pens. Just after the cattle left two smaller areas (15 m × 15 m) within the pen areas, representing one severely trampled (ST) and one less trampled (LS), were sampled, Figure  1 . A total of 24 soil cores were collected in each sampling area and pooled to form four composite samples [30] . Half of each composite sample was frozen (−20˚C) and the other halfair-dried at 18˚C before analysis. Bulk samples of frozen soil were milled and extracted with 2 M KCl [31] . Thereafter, NH 4 -N and NO 3 -N were determined colorimetrically with an auto analyser (TRAACS 800; method no. ST9002-NH4D and ST9002-NO3D). Values were converted to kg·N·ha −1 by taking account of the actual soil moisture content and the mean bulk density of the soil (1.25 kg·dm −3
) [32] . The bulk samples of air-dried soil were analysed for soil texture [20] , exchangeable soil P [33] - [35] and non-exchangeable P [33] . Total N and total C were determined as a percentage of the soil dry matter content.
Statistical Analysis
Amounts of NH 4 -N and NO 3 -N in topsoil at each sampling area (ST, LS, control) just after the experimental period were statistically analysed using a general linear model with a one factor design, with the factor "area" fixed [36] .
Results
Pen Balance and Point Loads of N and P
The total nutrient inputs for the 31-day study period were similar, and corresponded to an average load of 478 kg·N·ha −1 and 47 kg·P·ha −1 for the small group and 486 kg·N·ha −1 and 49 kg·P·ha −1 for the large group, Table 2 . The largest proportion of excreta, corresponding to 84% of total excreta for the small group and 80% for the large group, was deposited on the total area for feeding and staying during week 1 to week 4. This area also occupied the largest proportion by area of each pen, corresponding to 90% for the small group and 92% for the large group. Within weeks, the N and P loads in each feeding and staying area were quite similar for both groups. Over time, the N and P loads decreased due to expanding feeding and staying areas each week. The exception was the feeding and staying area in week 1, but that area also included the canvas shelter, water tank and synthetic matting during the whole study period, Figure 1 . The drinking water areas and the areas with synthetic matting received only small proportions of excreta, but as they were small areas the N and P loads were considerable. The proportion of excreta deposited in the shelter area was higher for the large group (17%) than the small group (11%), which resulted in higher N and P loads for the large group despite the shelter area in both pens having the same animal density.
Soil N and P Concentrations
In analysed soil samples there was no clear impact of the nutrient loads supplied with excreta on the content of exchangeable P, non-exchangeable P, total-N and total-C in the topsoil when values at the start of the experimental period were compared with those for severely trampled, less trampled and control areas at the end. On average, the amount of exchangeable P in topsoil was 38 mg·kg −1 and that of non-exchangeable P was 508 mg·kg −1 . The total-N and total-C content was comparable to the content at the start.
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Just before the cattle entered the pens, the mineral N content in topsoil was 40 and 47 kg·ha −1 , with the majority in the form of NO 3 -N, Table 3 . After the cattle left the pens, the majority of mineral N in topsoil was in the form of NH 4 -N. The sampled pen area that was severely trampled had significantly higher amounts of NH 4 -N than the less trampled and control areas, corresponding to 80 kg·ha −1 for the small group and 45 kg·ha −1 for the large group. The less trampled pen areas also had significantly higher amounts of NH 4 -N than the controls, corresponding to 36 kg·ha −1 in the small group and 28 kg·ha −1 in the large group. At the end, a minor amount of mineral N in topsoil was in the form of NO 3 -N and there was no clear difference in NO 3 -N concentration between areas, Table 3 .
Surface Water Runoff
Runoff was low until the topsoil was water-saturated in mid-November due to intensive rainfall events, Figure 2 . The period from November to December was wet (95 mm rain). During January to March there were some extended frost events and snowfalls but no snow cover, interrupted by short periods with temperatures above 0˚C.
Total runoff from the pen with the small group of suckle cows (Small 1) from the start of November until mid-April amounted to 150 mm, with the main runoff periods during November to December and during snowmelt in March-April, Figure 3 . Total runoff from the pen area with the large group of suckle cows (Large 1) was similar in the first two weeks, corresponding to 140 mm. Total runoff from the pen area with ley vegetation (Large 2) was about 50% lower in the first two weeks, corresponding to 80 mm. Although cows were admitted to that area in last two weeks of the study (Large 2), the moderating effect of the initial vegetation cover persisted in subsequent months. Runoff was somewhat underestimated for the Large 1 area, since there was some ice blocking of the sampling pipes during February to March.
Phosphorus Concentrations
Total-P concentrations were generally high, but with great variation (range 0.2 -2.5 mg·L −1 ), and increased rapidly when the cows entered the pens. Particulate-P constituted the main fraction lost in runoff during the period with intensive runoff (November-December), with concentrations of about 1.0 and 1.1 mg·L −1 in mid-November in water from pen areas with cows present (Small 1 and Large 1; Figure 4) . However, the concentration in runoff Table 3 . Total N and P balance, proportion of excreta and N and P loads in sub-areas for each pen and group of suckler cows (small, n = 17; large, n = 34). was only 0.15 mg·L −1 in the part of the pen with ley vegetation and no cows present in the first two weeks (Large 2). The PP concentrations then increased during December and decreased over the following months as the runoff peaks declined. In contrast, the concentration of dissolved P (PO 4 -P) in runoff from Large 2 and Small 1 increased from about 0.5 mg·L −1 in November-December to about 1.3 mg·L −1 at the end of January, after a period of soil frost.
Nitrogen and Organic Carbon Concentrations
The concentrations of total-N in runoff followed a similar pattern to the P concentrations, i.e. they rapidly increased (10.5 -13.2 mg·L −1 ) when the cows entered the pen sub-areas on 8 November (Small 1 and Large 1) and 20 November (Large 2), Figure 5 . During the period November-December, when the highest total-N concentrations were found, NO 3 -N constituted less than 1% of the N found in runoff water. The majority of N was probably in the form of organic N, since the measured total organic C concentration followed a similar pattern to total-N during this period, Figure 6 . Some of the N was probably also in NH 4 -N form, originating from excreta, but this was not analysed. However, after the cold period in January, NO 3 -N concentrations increased, Figure 5 . 
Runoff Losses of N and P
About 50% of the total amount of surface runoff, 75% -80% of N transport and 60% -80% of P transport occurred during November-December.
Mean losses of total-P were quite similar for both group sizes, 1.5 and 1.3 kg·ha −1 for the combined Large 1 and Large 2, and Small 1, respectively, Table 4 . In contrast, total-N losses were lower from the combined Large 1 and Large 2 group pen (6.7 kg·ha ). Even though NO 3 -N concentrations increased considerably during the end of the period, they constituted only 8% -18% of total-N. For P, 25% -35% was in dissolved form.
Discussion
The conditions for moderate nutrient losses from the pen system were favourable: the eight-year-old grass ley was well developed; strips of polymer grid matting were laid around the water tank, at the entrance to the weather shelter and on two paths; and there was no machine traffic in the pens. Except for muddy hooves, the cows in the pens were clean due to their consistent use of the synthetic matting when walking to feed and shelter and their frequent use of the straw bedding in the weather shelter for lying. Thus the system design achieved high animal welfare in this aspect [23] . However, the system proved to create the worst case scenario concerning environmental impact owing to heavy and prolonged rain, in combination with excretion and trampling on the unstable soil at the site. The stability of soil aggregates and the related risk of erosion is closely correlated to the clay, silt and humus content of the soil [37] , and high erosion losses from silty clay loams and loams in e.g. Norway have been reported [38] . Eight years of ley production were expected to have promoted good aggregate stability of the topsoil studied here, according to findings for another silty soil in central Sweden [11] . However, the dense grass sward did not protect the soil against trampling by the cows and the soil surface was bare within two weeks. Within four weeks, the soil was worked by hooves into a viscous mass down to 0.1 m depth in area 1, Table 1 .
The high runoff losses of N and P presumably derived from high excreta loads in combination with destruction of the soil surface. The first two experimental weeks demonstrated the inhibitory effect of ley vegetation in very wet conditions, resulting in 50% of runoff from Large 2 without cows compared with Large 1 and Small 1 with the same cow density present, Figure 3 . After the cows left the pens, the inhibitory effect on runoff per-sisted in Large 2 during winter and snowmelt compared with Small 1 and Large 1, where the trampling during the conditions in the first two weeks reduced the infiltration capacity of the soil over the whole experimental period. To avoid negative environmental impacts during heavy rainfall periods in winter in regions with silty soils, a practical countermeasure could be to keep cattle indoors some days, or move them to paddocks with stabilised surfaces.
Another reason why the Large 1 area was more severely trampled than the Large 2 area was that the weather shelter and drinking water tank were situated in Large 1, so the cows moved back and forth to these facilities during all four weeks. Similar animal behaviour was seen in the Small 1 pen, in which these facilities were situated within the week 1 sub-area. Thus, the positive effect of moving feeding areas each week to reduce trampling effects and point loads of N and P was to some extent not fully exploited due to the daily use of the shelter and drinking water source by the cows. This was apparent as higher total runoff and particulate losses of N and P from the Large 1 area compared with the Large 2 area ( Table 4 ). The small areas with synthetic matting protected the soil surface at the part of the pen where the cows stood for around 15% of their time, but the cows were in the eating area and excreted and trampled the soil around feed racks for more than 50% of the time [23] . Therefore the synthetic matting did not have any major effect in inhibiting losses of N and P. The losses from the Large 1 area were even somewhat underestimated due to ice blocking the pipe in March. During that period, there were about 45 mm of surface runoff from the Small 1 area, with related transport of 0.14 kg total-P and 2.6 kg total-N ha −1 . Thus total losses from the Large 1 area were probably at least 10 kg total-N ha −1 and 2.3 kg total-P ha −1 . According to the nutrient balance, the excreta supplied about 50 kg P and 500 kg·N·ha −1 . Although applied under unsuitable conditions, this amount is not remarkably high for P. For the rotational system investigated here, where suckler cows are intended to be kept on the same pen area every five years, the P load was acceptable according to Swedish regulations [3] . However, the P load was not environmentally acceptable and it resulted in higher runoff losses of PP than those found in a study of a horse paddock on a heavy clay soil in eastern Sweden, where leaching to tile drains was measured [39] . In that study, PP losses through the soil were small, but elevated concentrations of dissolved P were detected year-around in drainage water compared with that from an ungrazed nearby pasture. In the present study, the concentration of PO 4 -P in surface runoff from Large 2 in the first two weeks corresponded to 0.5 mg·L −1 . This was a higher release of PO 4 -P from an unfertilised vegetation than the 0.1 mg·mg·L −1 measured in December in a three-year study in Finland [40] . However, it was well below the 2 -5 mg·L −1 in surface runoff from a grass ley fertilised annually with P [41] . For N, the load of about 500 kg·N·ha −1 from a stocking density of 72 cattle ha −1 greatly exceeded the maximum permissible N application rate of 170 kg·N·ha −1 and year stated in the EU Nitrate Directive [42] . Furthermore, the excreted N was applied in late autumn and winter, when leaching losses can be considerable [6] [43] . There was also a considerable increase in mineral N in topsoil in severely trampled parts of the large and small group pens compared with control areas after one month of cows being present. Severely trampled parts also fell within the feeding and staying area in week 1 and 2, where the greatest proportion (45%) of excretions occurred. Similarly, a study of a winter pen used for 10 years and stocked with about 23 cows ha −1 found that the highest accumulated amounts were in topsoil close to the cow house, although the actual amounts recorded were more than seven-fold higher than in the present study [8] . With the pen design used in the present study, the two different group sizes had similar excretion behaviour except that the large group had a 6% higher proportion of excretions in the canvas shelter than the small group. Such differences in group behaviour can be difficult to predict, but can be expected. In another study with pigs given access to outdoor pens, one group excreted around 19% of total excreted N and P amounts in the indoor pen and another group around 41% [25] .
This study showed that a rotating pen and feeding area can be a promising strategy for preventing high point loads of N and P being supplied with excreta for both group sizes tested, although the overall load of 500 kg·N·ha −1 was too high. Others have suggested lowering the N and P loads by regular manure removal from the pen [9] [44] . However, this study indicated a low effect of such a management strategy, as accumulation of mineral-N in soil occurred within one month and high loads of N and P had an impact on N and P contents in surface runoff within two weeks. In practical terms, it would have been difficult for us to carry out frequent manure removal and if done by machinery the soil would have been severely damaged by wheel tracks in the prevailing conditions. Due to cattle behaviour, whereby they spend most time eating and ruminating, a rotational outdoor pen system for conditions such as in this study needs to be so functional that moving feeding and weather shelter areas can be conducted more frequently than once a week to have an environmentally acceptable impact. Such functionality was demonstrated in a mobile pen design including shelter and automatic feeding equipment giving outdoor pigs access to a new grazing area each day, which resulted in N and P loads comparable with following crop requirements [45] .
Almost all mineral N in topsoil was in NH 4 -N form and, if not nitrified, the risk of direct leaching losses could be expected to be low. The measured N 2 O and NH 3 gaseous emissions from the large group pen area were also very low, corresponding to 0.1% and 2% of the N load [46] . The low N 2 O losses might indicate either that nitrification was low or that NO 3 -N was lost through leaching. The concentrations of NO 3 -N in surface runoff increased over winter, but since almost all precipitation became surface runoff, the leaching losses were probably small in this case.
In order to evaluate the risk of N leaching over the subsequent season, the N demand of the following crop needs to be considered. The N load of about 500 kg·N·ha −1 in combination with a fertilising effect of the trampled and eventually ploughed-under grass ley would probably be difficult to match with N uptake by any agricultural crop. Ploughing under grassland in combination with application of animal manure constitutes a considerable risk of N leaching according to e.g. Ulén (1999) , who observed increased N leaching during two years after incorporation.
Conclusion
The rotational system design evaluated in this study was favourable in terms of promoting good animal welfare [23] and reducing the investment, labour and land costs (by 50%) compared with traditional indoor housing [16] . However, the design did not provide a sufficient distribution of N and P excretions, resulting in excessive N and P loads on certain sub-areas, which was reinforced by the high animal density (72 cattle ha −1 ). That, in combination with high precipitation and trampling on an erosion-sensitive soil, had an immediate effect on surface runoff, resulting in high losses of N and P, where mean losses of total-P was ten times higher than yearly average P losses from Swedish arable land [11] . The combination of a clay loam soil and wet weather conditions was unfavourable, but not uncommon for the study region (western Sweden) during early winter. In such conditions, this design of outdoor system cannot be used without a risk of negative environmental impact. The challenge is to design a functional and environmental friendly outdoor system which gives access to large areas and where weather shelter and feeding can be highly mobile. Due to expected high runoff in certain periods, the outdoor system should be complemented with vegetation strips close to adjacent surface water bodies. Another approach could be to build a permanent paddock with a comfortable surface layer over an impermeable layer, complemented with a drainage system to collect leachate for storage and subsequent application to crops. However, such an outdoor paddock would need to be cheaper than conventional indoor housing to be interesting to farmers.
